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Abstract 
Carbon nanotubes (CNTs) are successfully grown on the surface of TiB2 matrix by 
chemical vapor deposition with Fe as catalyst. However, CNT growth has to be improved 
before conducting integration procedures. The effects of synthesis conditions on the structure 
of CNT(Fe)–TiB2 are evaluated by scanning electron microscopy, transmission electron 
microscopy, and Raman spectroscopy. Results indicate that with an increase in synthesis 
temperature, carbon yield increases because of the improvement in the initial growth rate of 
CNTs. The morphology of as-received carbon changes due to changes in surface roughness 
of TiB2. With an increase in Fe catalyst, the density and diameter of carbon particles increase 
as well because of the increased number of activity sites and agglomeration of Fe particles. 
As the gas flow rate of methane supply rises, the density and length of CNTs initially increase 
and then decrease. This behavior is attributed to the increase in carbon diffusion rate and 
decrease in contact time between the catalyst and the carbon precursor. As growth duration is 
extended, CNT growth initially improves because of the sufficient reaction time between the 
carbon precursor and the catalyst. However, the quality of CNTs subsequently decreases, and 
a large amount of amorphous carbon is produced owing to the aggregation of the carbon 
precursor, which leads to excessive concentration of Fe.  
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Among the borides of titanium, titanium diboride (TiB2) possesses excellent chemical and 
physical properties, such as high refractoriness, high hardness, high modulus, low thermal 
expansion, superior chemical stability, and good thermal and electrical characteristics [1–3]. 
Thus, TiB2-based ceramics have been regarded as a potential material for structural and 
functional applications. However, TiB2-based ceramics exhibits intrinsic brittleness, which 
impedes their practical application [4, 5]. Many studies have reported that adding 
reinforcement into TiB2 matrix can improve its mechanical performance. These 
reinforcements include metallic additives (Ni [6], Fe [7], Co [8], etc.) and non-metallic 
additives (TiSi2 [9], MoSi2 [10], SiC [11], etc.). As a characteristic determined by brittleness, 
the fracture toughness of TiB2-based ceramics can only be enhanced to 8 MPa·m1/2, which is 
far inadequate for practical use. 
To address this shortcoming, a method of reinforcement that can not only toughen the TiB2 
matrix but also shows no harmful reaction with the TiB2 matrix has to be developed. Owing 
to their highly distinct mechanical properties, carbon nanotubes (CNTs) have been recognized 
for their potential to effectively enhance phase-change materials [12, 13]. The tensile strength 
of CNTs can be 100 times higher than that of steel; however, the density of CNTs is only 
one-sixth that of steel [14]. CNTs exhibit considerably high toughness because they are 
composed of a large number of C=C covalent bonds [15]. In our previous study [16], we 
mixed TiB2 and CNTs directly by powder metallurgy. The fracture toughness of TiB2–CNTs 
was found to be 9.4±0.2 MPa ·m1/2—that is, higher than that of pure TiB2 ceramics. However, 
CNTs reportedly agglomerate at the TiB2 grain junctions, impeding the efficient use of the 
toughening effect of CNTs. Thus, a method that allows CNTs to be evenly dispersed in the 
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TiB2 matrix has to be identified.   
Compared with traditional synthesis, chemical vapor deposition (CVD) is a promising 
technique for CNT growth in situ that relies on the decomposition of hydrocarbons with the 
use of catalysts deposited on substances [17, 18]. Studies have suggested that CVD can 
disperse CNTs uniformly in metallic, ceramic, and polymeric matrices [19–21]. Yang et al. 
[22] reported on the use of CVD to synthesize Al matrix composites reinforced with CNTs 
grown in situ. Huang et al. [23] proved that CNT–ZnO composite materials with improved 
field-emission characteristics could be successfully grown by thermal CVD. However, few 
studies have explored the use of CVD to synthesize TiB2-based composites with self-grown 
CNTs. In this regard, we have investigated the feasibility of CNTs grown on TiB2 powder by 
CVD with Fe as catalyst [24]. Results showed that CNTs could be successfully synthesized 
on the surface of TiB2 powders and that the amount of Fe catalyst and synthesis temperature 
affect the growth rate of the resulting CNTs. A study reported that CNT formation on TiB2 by 
using Fe as catalyst was achieved at 900 °C–950 °C, and the number of CNTs increased with 
an increase in Fe catalyst. The performance of grown CNTs can be controlled by the 
morphology of the catalyst, type of hydrocarbon precursors, gas flow, growth time, and 
temperature. High growth temperature can accelerate the initial growth rate of CNTs, and a 
greater quantity of the Fe catalyst can further decompose carbonaceous precursors. However, 
high processing temperature can lead to grain coarsening, and excessive Fe can cause 
performance degradation in TiB2. Efforts must be devoted toward lowering the growth 
temperature of CNTs and reducing the quantity of the Fe catalyst. The present study focuses 
on the improvement of CNT growth by adjusting gas flow and growth time. Scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), and Raman 
spectroscopy were used to characterize the variations in CNTs. By analyzing the relationship 
between the synthesis conditions and the microstructure of the CNT/TiB2 composite powder 
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grown in situ, the optimal synthesis conditions can be determined. 
2 Experimental 
Commercially available TiB2 powder (1–2 μm, purity > 99.9%, Shanghai ST-Nano Science 
& Technology Co. Ltd., China), Fe(NO3)3·9H2O (98.5%, Analytical Reagent, 
Sigma–Aldrich), and NaOH (0.8 g, 0.02 mol, 99.9% purity) were used as starting materials. 
The CNT(Fe)–TiB2 powder was prepared using the same method mentioned in a previous 
study [24], with certain modifications. Reports [17, 25-28] enumerate four successive steps 
included in the mechanism of CNT growth: (1) surface absorption of carbon, (2) 
dissolution/segregation of carbon species, (3) carbon diffusion through catalytic particles, and 
(4) carbon deposition to form CNTs. Thus, the synthesis conditions that affect these four 
steps can influence the formation of CNTs. Among various influencing factors for CNT 
growth, Fe content, synthesis temperature, growth duration, and methane supply were 
identified as the main factors. The synthesis process is thus presented in detail:  
First, Fe(NO3)3·9H2O and TiB2 powder were directly mixed in distilled water. The NaOH 
solution was then added to the mixture, with constant stirring, to obtain a (Fe(OH)3–TiB2) 
slurry. The weight of Fe(NO3)3·9H2O was determined for Fe content adjustment (5 wt%, 10 
wt%, or 15 wt%) in the final composite powder. The slurry was subsequently dried in a 
vacuum furnace at 80 °C for 24 h and then calcined in N2 (300 mL·min−1, 99.99% purity) at 
400 °C for 2 h to obtain Fe2O3–TiB2 powder. To synthesize the CNTs, the Fe2O3–TiB2 
powder was placed in the CVD system. Fe2O3 was reduced at 600 °C in hydrogen (100 
mL·min−1, 99.99% purity) and then transformed into elementary Fe. The as-received Fe-TiB2 
powder was ultimately heated to a synthesis temperature (700 °C, 800 °C, or 900 °C) for a 
certain growth duration (120 min, 150 min, or 180 min) with the methane supply (50 
mL·min−1, 100 mL·min−1, or 150 mL·min−1) to promote the growth of CNTs. After growth, 
carbon yield was calculated as follows: 
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                         (1) 
where m1 is the weight of the as-received CNT(Fe)–TiB2 powder (g), and m2 is the weight of 
the Fe–TiB2 catalyst (g). 
SEM (ZEISS EVO18, Germany) with energy-dispersive spectroscopy (Oxford Instruments 
X-MaxN, UK) was conducted to observe the morphology and purity of the as-received 
CNT(Fe)–TiB2 powders. High- and low-resolution TEM (Tecnai G2F30 TEM, 300 kV) was 
employed to characterize the microstructure of the grown CNTs. The average grain size was 
determined using the linear intercept method. The phase compositions of the powders were 
detected by X-ray diffraction (PANalytical X'Pert PRO, Holland, CuKα=1.5418 Å). Raman 
spectroscopy was conducted using the 532 nm line of an Ar+ laser as the excitation source to 
identify the crystallinity of the CNTs in the composite powders.  
3 Results and discussion 
Fig. 1 presents the SEM images of the CNT(Fe)–TiB2 powders under different synthesis 
temperatures (700 °C, 800 °C, and 900 °C). As shown in Fig. 1a, some very fine round 
particles are distributed on the surface of the TiB2 powders synthesized at 700 °C; the carbon 
yield is as low as 1.19%. In Fig. 1b, the granular object on the surface of the TiB2 matrix 
becomes less apparent as the synthesis temperature is increased to 800 °C. High temperature 
likely increases the fluidity of the Fe catalyst. Short CNTs emerge, indicating that CNT 
growth has started, as can be observed in Fig. 1b. Carbon yield is calculated to be 5.54%. 
When the synthesis temperature is increased to 900 °C, carbon yield increases to 9.95%, the 
CNTs grow longer, and more become evenly distributed, as seen in Fig. 1c. On the basis of 
the theories referred to in Ref.[17], the initial growth rate of CNTs is influenced by the 
synthesis temperature. A higher synthesis temperature indicates a higher initial growth rate, 
which can extend growth duration to ensure the growth process of CNTs. Meanwhile, the 
surface roughness of the TiB2 matrix changes with an increase in temperature, which is an 
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important factor affecting the surface absorption of carbon and the dissolution/segregation of 
carbon species, resulting in carbon of different forms. 
To evaluate the effect of Fe content on CNT growth, Fig. 2 presents the morphology and 
structure of CNTs grown with different Fe contents (5 wt%, 10 wt%, and 15 wt%) observed 
by SEM. As known, the catalyst deposited on the surface of the TiB2 powder can provide 
nucleation sites for CNT growth. The carbon yield calculated using Formula (1) rises from 
2.77% to 9.95% as Fe content is increased from 5 wt% to 15 wt%. As shown in Fig. 2a, intact 
CNTs become hardly apparent because the Fe content is only 5 wt%, which provides less 
activity sites for CNT growth. In Fig. 2b, no CNTs are visible when the Fe content is 
increased to 10 wt%; however, the quantity of round particles attached to the surface of TiB2, 
which has Fe particles inside and a graphite layer on the outside, increases. In Fig. 2c, some 
CNTs are visible, and the density and diameter of the carbon particles increase as the Fe 
content increases to 15 wt%. This phenomenon is attributed to the effect of catalytic particles. 
A larger amount of catalyst indicates the presence of a larger number of activity sites for 
carbon diffusion; however, an excessive amount of catalyst can cause agglomeration of Fe 
particles, inducing an increase in the diameter of the catalytic particles. These results are 
consistent with the analysis in our previous study [24]. 
To achieve excellent performance of the finished ceramic product, the catalyst content has 
to be reduced and the synthesis temperature lowered. As factors influencing the formation of 
CNTs, changes in methane supply are investigated. Fig. 3 presents the SEM images of 
CNT(Fe)–TiB2 powders with different gas flow rates (50 mL·min−1, 100 mL·min−1, and 150 
mL·min−1). As shown in Figs. 3a–3b, the density of the as-grown CNTs rises as the gas flow 
rate is increased from 50 mL·min−1 to 100 mL·min−1, but the carbon yield decreases (Fig.4). 
Meanwhile, the CNTs formed at a lower gas flow rate of 50 mL·min−1 are shorter and more 
entangled, as shown in Fig. 3a. According to a previous study [17], there is sufficient time for 
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deposition between the carbon precursor and the Fe catalyst at a low gas flow rate (e.g., 50 
mL·min−1) for carbon to be attracted onto the surface of Fe catalysts and thus form multiple 
layers of graphitic wall or amorphous carbon. Given the low gas flow rate, the carbon wall is 
abnormally increased owing to the denaturation of the catalyst particles, eventually causing 
the denaturation of the layers. As the gas flow rate increases to 100 mL·min−1, more CNTs, 
which are longer and less entangled, are distributed on the surface of TiB2, as shown in Fig. 
3b. According to Ref.[17], methane supply at a higher gas flow rate can provide a greater 
opportunity for a carbon precursor to react with catalysts to form more CNTs, promoting 
carbon diffusion through catalytic particles (as shown in Fig. 3b); on the contrary, a higher 
gas flow rate can also result in reduced contact time between the carbon precursor and the Fe 
catalyst. In Fig. 3c, no CNTs are found as the gas flow rate rises to 150 mL·min−1 because of 
the insufficient decomposition rate of methane, thus depressing carbon deposition to form 
CNTs and reducing the corresponding carbon yield (Fig. 4).  
The morphology of CNTs is rather different, as observed in Fig. 3. The structure of 
as-grown CNTs is further investigated. Fig. 5 presents the TEM images of the CNT(Fe)–TiB2 
powders with methane supply at different gas flow rates. The diameter of CNTs decreases 
from 85 nm to 55 nm as the gas flow rate of methane supply is increased from 50 mL·min−1 
to 100 mL·min−1. Numerous impurities are attached to the wall of the CNTs when the gas 
flow rate is 50 mL·min−1 (Fig. 5a), which is consistent with the SEM analysis result. The 
duration of carbon absorption on the surface at such a low gas flow rate (50 mL·min−1) is 
prolonged, causing the layer of the carbon wall to undergo denaturation. As the gas flow rate 
of methane rises to 100 mL·min−1, there is sufficient time for carbon layer formation and 
CNT growth; however, less impurities and denatured CNT walls are found in Fig. 5b because 
the Fe catalysts are less susceptible to poisoning. Finally, as the gas flow rate of methane is 
increased to 150 mL·min−1, the Fe particles are coated with carbon layers, as shown in Fig. 
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5c, which is attributed to the insufficient time for methane decomposition, thus depressing 
CNT growth.  
Fig. 6 shows the Raman spectra of the CNT(Fe)–TiB2 with methane supply at different gas 
flow rates. Two distinct peaks appear on the curve—D-peak and G-peak. D-peak at about 
1344.61 cm−1 is related to the disordered bands induced by the amorphous carbon, disordered 
graphite, and carbon impurities on the surface of the CNTs. G-peak at about 1591.43 cm−1 is 
related to the stretching vibrations of C=C bond. The intensity ratios of D and G-peaks (ID/IG) 
are calculated to estimate the degree of graphitization of the CNTs. When methane supply is 
increased from 50 mL·min−1 to 100 mL·min−1, ID/IG decreases from 1.08 to 1.01; as the 
methane supply is further increased to 150 mL·min−1, ID/IG increases from 1.01 to 1.02. A 
lower ID/IG indicates a more highly crystallized graphite, less amorphous carbon, 
disorder-induced carbon, and presence of impurities. The 2D-peaks (observed at 2701.56 
cm−1), indicating the presence of denatured carbon walls, decrease as the gas flow rate is 
reduced. All results are consistent with the SEM and TEM analysis results, suggesting that 
the carbon yield is slightly reduced, but the quality of the as-grown CNTs with a methane 
supply of 100 mL·min−1 is improved. 
To further improve the morphology of the CNTs, the growth duration was studied. The 
SEM images of the CNT(Fe)–TiB2 with different growth durations (120 min, 150 min, or 180 
min) are compared in Fig. 7. As shown in Figs. 7a and 7b, the density of the CNTs sharply 
rises as the growth duration is increased from 120 min to 150 min, together with an increase 
in carbon yield (Fig. 8). Growth duration affects the contact time between the methane and 
the catalyst, directly influencing carbon deposition to form CNTs [17]. A longer growth 
duration ensures sufficient reaction time between the methane and the catalyst to allow CNTs 
to grow well with increased purity and crystallized graphite. Meanwhile, the quality and 
length of the CNTs also increase as the growth duration is extended from 120 min to 150 min. 
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These increases are attributed to the extended residence time of the active Fe catalysts in the 
carbon precursor. Methane concentration rises with time, which can provide a good medium 
for CNT growth. However, as the growth duration exceeds 150 min and is further increased 
to 180 min, the CNTs become short and entangled, and a large amount of amorphous carbon 
is produced, as shown in Fig. 7c. This finding is attributed to the aggregation of methane gas 
over such a long duration, resulting in excessive methane concentration. High levels of 
methane can subject the catalysts to poisoning and prompt the emergence of denatured carbon 
walls and amorphous carbon.  
Fig. 9 presents the TEM images of CNT(Fe)–TiB2 synthesized at 150 min. Compared with 
those synthesized at 120 or 180 min, the CNTs obtained at 150 min exhibit good hollowness. 
The surface of the carbon wall is likely to be smoother with higher purity. Multiple 
graphitized layers are observed in the HRTEM image in Fig. 9b. The interlayer spacing is 
about 0.34 nm, which is consistent with the (002) crystal face spacing of graphite. Consistent 
with a previous analysis, a sufficient time for methane–catalyst reaction is important to 
reduce the length and amount of CNTs with a well-graphitized wall and form fewer 
impurities.  
Fig. 10 presents a comparison of the Raman spectra of CNT(Fe)–TiB2 with different 
growth durations. As growth duration is extended from 120 min to 150 min, ID/IG decreases 
from 1.01 to 0.94, indicating that the purity and crystallization of the CNTs are improved. 
When the growth duration is extended to 180 min, ID/IG is is 1.06, which is considerably 
larger than the value obtained when the growth duration is set to 150 min. This result is rather 
consistent with the SEM and TEM analysis results. Owing to the excessive growth duration, 
the methane concentration increases, leading to increases as well in amorphous carbon and 
denatured graphitic layers. 
4. Conclusions 
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By using Fe as a catalyst, CNTs were successfully grown on the surface of TiB2 by CVD. 
To improve the growth of the CNTs, the effects of synthesis conditions (Fe content, synthesis 
temperature, growth duration, and methane supply), including the structure of CNT(Fe)–TiB2, 
are evaluated. This study mainly aims to achieve enhanced CNT growth with reduced Fe 
content and lowered synthesis temperature. The conclusions drawn are as follows: 
(1) With increased synthesis temperature, the initial CNT growth rate rises, which indicates 
an extension in the growth duration of the CNTs. In addition, high temperature can 
influence the fluidity of the Fe catalyst, causing changes in the surface roughness of the 
TiB2 matrix, which is an important factor affecting the form of as-received carbon. 
(2) With increased Fe catalyst, more activity sites become available for carbon diffusion, 
which is favorable for CNT growth. However, an excessive quantity of catalyst can cause 
agglomeration of Fe particles, thereby increasing the density and diameter of carbon 
particles. 
(3) With increased gas flow rate of methane supply, the carbon precursor has a greater 
opportunity to react with the catalysts to form more CNTs initially so that the CNTs are 
thinner and longer when the gas flow rate is increased to 100 mL·min−1. However, as the 
gas flow rate is further increased, the contact time between the carbon precursor and the 
Fe catalyst decreases, resulting in the insufficient decomposition rate of methane. Thus, 
no CNTs are obtained as the gas flow rate is increased to 150 mL·min−1, and carbon yield 
decreases.  
(4) With increased growth duration, the carbon precursor and the catalyst have sufficient 
reaction time, resulting in well grown CNTs with high purity and crystallized graphite. 
The quality and length of CNTs also improves as the growth duration is extended from 
120 min to 150 min. However, when the growth duration exceeds 150 min, the CNTs 
become short and entangled, and a large amount of amorphous carbon is generated. This 
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occurrence is attributed to the aggregation of the carbon precursor, leading to excessive 
concentration. The catalysts then become susceptible to poisoning, and denatured carbon 
walls and amorphous carbon emerge.  
In conclusion, the optimal synthesis condition for CNT growth in the TiB2 matrix using Fe 
as the catalyst by CVD is as follows: Fe content, 10 wt%; synthesis temperature, 800 °C; 
growth duration, 150 min; and gas flow rate of methane supply, 100 mL·min−1. 
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Fig.1 Secondary electron SEM images of CNT(Fe)-TiB2 powders under different synthesis 
temperature:(a) 700°C, (b) 800°C and (c) 900°C. (Fe content, 15 wt%; growth duration, 120 
min; and gas flow rate of methane supply, 150 mL·min−1) 
Fig.2 Secondary electron SEM images of CNT(Fe)-TiB2 powders with different Fe 
contents:(a) 5 wt%, (b) 10 wt% and (c) 15 wt%. (synthesis temperature, 900 °C; growth 
duration, 120 min; and gas flow rate of methane supply, 150 mL·min−1) 
Fig.3 Secondary electron SEM images of CNT(Fe)-TiB2 powders with different gas flow 
rates:(a) 50 mL·min−1, (b) 100 mL·min−1 and (c) 150 mL·min−1. (Fe content, 10 wt%; 
synthesis temperature, 800 °C; and growth duration, 120 min) 
Fig.4 Carbon yield of CNT(Fe)-TiB2 powders with different gas flow rates. (Fe content, 10 
 15 
wt%; synthesis temperature, 800 °C; and growth duration, 120 min) 
Fig.5 TEM images of CNT(Fe)-TiB2 powders with different gas flow rates:(a) 50 mL·min−1, 
(b) 100 mL·min−1 and (c) 150 mL·min−1. (Fe content, 10 wt%; synthesis temperature, 800 °C; 
and growth duration, 120 min) 
Fig.6 Raman spectra of CNT(Fe)-TiB2 powders with different gas flow rates. (Fe content, 10 
wt%; synthesis temperature, 800 °C; and growth duration, 120 min) 
Fig.7 Secondary electron SEM images of CNT(Fe)-TiB2 powders with different growth 
durations:(a) 120 min, (b) 150 min and (c) 180 min. (Fe content, 10 wt%; synthesis 
temperature, 800 °C; and gas flow rate of methane supply, 100 mL·min−1) 
Fig.8 Carbon yield of CNT(Fe)-TiB2 powders with different growth durations. (Fe content, 
10 wt%; synthesis temperature, 800 °C; and gas flow rate of methane supply, 100 mL·min−1) 
Fig.9 TEM images of the product formed over TiB2 powders with 10 wt% Fe at 800 °C for 
150 min. 
Fig.10 Raman spectra of CNT(Fe)-TiB2 powders with different growth durations. (Fe content, 
10 wt%; synthesis temperature, 800 °C; and gas flow rate of methane supply, 100 mL·min−1) 
  
 
Fig.1 Secondary electron SEM images of CNT(Fe)-TiB2 powders under different 
synthesis temperature:(a) 700°C, (b) 800°C and (c) 900°C. (Fe content, 15 wt%; 









Fig.2 Secondary electron SEM images of CNT(Fe)-TiB2 powders with different Fe 
contents:(a) 5 wt%, (b) 10 wt% and (c) 15 wt%. (synthesis temperature, 900 °C; 









Fig.3 Secondary electron SEM images of CNT(Fe)-TiB2 powders with different gas 
flow rates:(a) 50 mL·min−1, (b) 100 mL·min−1 and (c) 150 mL·min−1. (Fe content, 10 









Fig.4 Carbon yield of CNT(Fe)-TiB2 powders with different gas flow rates. (Fe 




Fig.5 TEM images of CNT(Fe)-TiB2 powders with different gas flow rates:(a) 50 
mL·min−1, (b) 100 mL·min−1 and (c) 150 mL·min−1. (Fe content, 10 wt%; synthesis 








Fig.6 Raman spectra of CNT(Fe)-TiB2 powders with different gas flow rates. (Fe 




Fig.7 Secondary electron SEM images of CNT(Fe)-TiB2 powders with different 
growth durations:(a) 120 min, (b) 150 min and (c) 180 min. (Fe content, 10 wt%; 









Fig.8 Carbon yield of CNT(Fe)-TiB2 powders with different growth durations. (Fe 




Fig.9 TEM images of the product formed over TiB2 powders with 10 wt% Fe at 








Fig.10 Raman spectra of CNT(Fe)-TiB2 powders with different growth durations. (Fe 
content, 10 wt%; synthesis temperature, 800 °C; and gas flow rate of methane supply, 
100 mL·min−1) 
